The mycobacterial cell wall frequently has been used as a target for drug development, and D-glutamate, synthesized by glutamate racemase (MurI), is an important component of peptidoglycan. While the essentiality of the murI gene has been shown in several bacterial species, including Escherichia coli, Bacillus anthracis, and Streptococcus pneumoniae, studies in mycobacteria have not yet provided definitive results. This study aimed to determine whether murI is indeed essential and can serve as a possible target for structure-aided drug design. We have achieved this goal by creating a ⌬murI strain of Mycobacterium smegmatis, a close relative of Mycobacterium tuberculosis. The deletion of the murI gene in M. smegmatis could be achieved only in minimal medium supplemented with D-glutamate, demonstrating that MurI is essential for growth and that glutamate racemase is the only source of D-glutamate for peptidoglycan synthesis in M. smegmatis. D-Glutamate is an essential component of the bacterial cell wall, and there are two enzymes in bacteria capable of synthesizing D-glutamate, glutamate racemase (MurI) and D-amino acid aminotransferase (DaaT). In Escherichia coli and Streptococcus pneumoniae, whose genomes contain only murI, genetic deletion studies have shown that MurI is essential for growth in the absence of external D-glutamate supplementation (1-4). Other bacteria, which contain DaaT, such as Staphylococcus haemolyticus and Bacillus sphaericus, are able to produce sufficient D-glutamate in the absence of glutamate racemase (5). There are also bacteria, including some other Bacillus species, that contain two copies of murI, as well as a copy of daaT, yet, at least in B. subtilis, murI is required for these bacteria to grow in both rich and minimal medium (6-8). MurI also has been implicated in several species as having a role in moderating the activity of DNA gyrase, which itself is an important drug target and an essential enzyme in bacteria (9-11). Therefore, the essentiality of murI is a complex question that appears to be species specific.
D-Glutamate is an essential component of the bacterial cell wall, and there are two enzymes in bacteria capable of synthesizing D-glutamate, glutamate racemase (MurI) and D-amino acid aminotransferase (DaaT). In Escherichia coli and Streptococcus pneumoniae, whose genomes contain only murI, genetic deletion studies have shown that MurI is essential for growth in the absence of external D-glutamate supplementation (1) (2) (3) (4) . Other bacteria, which contain DaaT, such as Staphylococcus haemolyticus and Bacillus sphaericus, are able to produce sufficient D-glutamate in the absence of glutamate racemase (5) . There are also bacteria, including some other Bacillus species, that contain two copies of murI, as well as a copy of daaT, yet, at least in B. subtilis, murI is required for these bacteria to grow in both rich and minimal medium (6) (7) (8) . MurI also has been implicated in several species as having a role in moderating the activity of DNA gyrase, which itself is an important drug target and an essential enzyme in bacteria (9) (10) (11) . Therefore, the essentiality of murI is a complex question that appears to be species specific.
In mycobacteria, where the identification and validation of new targets for drug design is an ongoing priority, the essentiality of glutamate racemase is unclear. The inspection of the genome of Mycobacterium tuberculosis reveals only one copy of murI and no copy of daaT (12) . Therefore, it seems likely that MurI is essential, as it is the only enzyme capable of D-glutamate biosynthesis in this organism. However, in a transposon mutagenesis study carried out in M. tuberculosis, murI was not identified as likely to be essential (13) . However, further investigation of that particular strain revealed the transposon had integrated at the penultimate position of the gene sequence and may not have inactivated the gene. In support of this interpretation, a more recent investigation of this issue employing transposon mutagenesis coupled with deep sequencing did conclude that murI was likely to be an essential gene (14) . Moreover, a different set of experiments investigating glutamate metabolism in M. tuberculosis found that a murI deletion strain grew in 7H9 media when supplemented with 2% glucose, a known osmoprotectant (15) .
In order to study this issue more fully in mycobacteria, we have created a murI deletion in Mycobacterium smegmatis, a nonpathogenic relative of M. tuberculosis that has been used successfully as a drug development surrogate for pathogenic mycobacteria (16) . Like M. tuberculosis, M. smegmatis contains only one copy of murI and no daaT gene. We have studied the growth characteristics of this murI deletion strain in minimal medium as well as in media containing osmotically active agents, and we report that in minimal medium the murI gene is indeed essential for growth in the absence of D-glutamate supplementation.
MATERIALS AND METHODS
Bacterial growth and culture conditions. The plasmids, strains, and oligonucleotides used in this study are listed in Table 1 . E. coli was routinely cultured in LB containing 0.5% NaCl; M. smegmatis was cultured in LB medium with 0.05% Tween 80 (LBT). A low-salt version (0.05% NaCl) was used where specified. For solid media, 1.5% agar and 0.05% Tween were added. For the ⌬murI strains, Sauton's minimal medium [0.1% Lasparagine, 0.2% citric acid, 0.05% K 2 HPO 4 , 0.05% MgSO 4 , 0.005% ammonium iron(III) citrate, 0.2% glycerol, 0.05% Tween 80], supplemented with 15 to 60 mM D-glutamate and adjusted to pH 7.4 with NaOH, was used. Sucrose (10%, wt/vol) also was included as needed during the knockout (KO) selection procedure. Unless otherwise stated, bacteria were grown at 37°C. During the murI deletion process, M. smegmatis harboring the gene replacement vector, pKKYL02, was grown at 28°C for temperature-sensitive vector propagation and then placed at 40°C for allelic exchange mutagenesis. All cloning procedures were performed in E. coli DH10B. Kanamycin, hygromycin, and gentamicin were used at final concentrations of 25, 50, and 5 g/ml, respectively, for M. smegmatis mc 2 155 and 50, 100, and 7 g/ml, respectively, for E. coli. Mutagenesis vector construction. Following a method derived for use in this strain of Mycobacterium (17), a shuttle vector was created to delete murI by homologous recombination. Briefly, primers MurI SM KO-1.3, -2.2, -3.1, and -4.2 were used to amplify the left and right flanks of murI from strain MB3360, generating two 1,080-and 1,043-bp amplicons. These flanking regions were ligated to an EcoRI-and HindIII-treated kanamycin resistance cassette (aphA-3) and then inserted into the shuttle vector pPR23 using NotI and SpeI, creating plasmid pKKYL02. This plasmid carries a temperature-sensitive origin of replication, gentamicin resistance, and the sucrose sensitivity-conveying sacB gene for counterselection to be utilized in the screening of the double crossover event. Following the allelic exchange, ⌬murI strains have 60% of the murI gene removed and are kanamycin resistant.
Selection of knockout strains and Southern blotting. The pKKYL02 gene replacement vector was transformed into M. smegmatis mc 2 155 via electroporation (0.2-cm-gap cuvette at 25 kV, 1 k⍀, and 25 F). The transformants were grown in Sauton's medium supplemented with 15 mM D-glutamate at 28°C to allow propagation of the temperature-sensitive vector and allow for the gene crossover to take place. The culture then was plated on Sauton's medium supplemented with 15 mM D-glutamate, 10% sucrose, and kanamycin at 40°C to select for the murI deletion. After 5 days of growth, the colonies were streaked out on Sauton's medium containing gentamicin and 15 mM D-glutamate; the gentamicin sensitivity of these colonies verified the loss of the pKKYL02 vector backbone. The genotype of these putative ⌬murI mutant strains was verified by Southern blotting in which genomic DNA was digested by SmaI, separated by agarose gel electrophoresis, and then blotted onto a nylon membrane. The radioactively labeled right flank then was used as a probe to detect homologous restriction fragments on the membrane by autoradiography ( Fig. 1) .
Construction of a complementation vector for ⌬murI mutants. A vector expressing a copy of murI in trans was designed to complement the ⌬murI mutant. The murI gene lies in an operon and its promoter is un- 
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Selection of murI deletion mutants in M. smegmatis at 5 mM D,L-glutamate. The murI gene lies in an operon and overlaps MSMEG_4904 at its 5= end by 4 bp. It is closely followed by MSMEG_4902 at its 3= end. To ensure that the disruption of the murI gene did not affect these two flanking genes, only 60% of the murI coding sequence was replaced with a nonpolar kanamycin cassette (20) . However, both cysteines known to be essential for MurI activity were removed in this process (21, 22) . The flanking DNA regions (1,080 bp and 1,043 bp, respectively) first were ligated with the kanamycin resistance-encoding aphA-3 cassette and cloned in pBluescript II SK(ϩ). The complete murI::aphA-3 insert then was excised and ligated into the gene delivery vector pPR23 (Fig. 1 ). pPR23 contains a temperature-sensitive origin of replication that prohibits plasmid replication past 40°C, a gentamicin resistance cassette, and a sucrose sensitivity gene (sacB) for counterselection purposes. Thus, the initial selection attempt was carried out at 40°C in the presence of kanamycin and sucrose and 5 mM D,L-glutamate or 1 mM D-glutamate. Six colonies from this attempt were tested by pick and patch. However, these six colonies grew normally on LBT medium without D,L-glutamate supplementation. The selection was repeated, and all additional colonies tested by pick and patch remained independent of D-glutamate.
This result was consistent with the formation of a strain containing the expected murI disruption by aphA-3 but that had also retained a wild-type (WT) copy of murI, either through gene duplication or because the plasmid had not properly integrated into the chromosome. Duplications in the M. smegmatis genome have previously been reported both in wild-type strains (23) and strains under genetic selection (17) . If duplication of murI did occur during this experiment, it suggests that it was disadvantageous for the organism to lose its murI gene under the selection conditions containing 5 mM D,L-glutamate. Since D-glutamate is known to be poorly transported across bacterial membranes (24, 25), we concluded that larger amounts of D-glutamate supplementation likely were required for true ⌬murI mutants to survive. This conclusion is consistent with studies in E. coli showing that a ⌬murI strain could not be obtained until a mutant strain (WM335) was isolated that contained a mutation allowing for increased transport of Dglutamate across the plasma membrane (24, 26) .
Disruption of the murI gene in M. smegmatis at high D-glutamate concentrations. To address the above-described hypothesis, the selection experiment was repeated in Sauton's minimal medium supplemented with 15 to 125 mM D-glutamate. Eight clones obtained under these conditions were chosen for screening by Southern blotting. Genomic DNA was extracted from these eight mutant colonies and from wild-type colonies and then digested by SmaI. For the wild type, hybridization with a probe for the right flank should have yielded bands at 5.8 kbp and 698 bp, respectively. For the ⌬murI mutant, on the other hand, the 5.8-kbp band should disappear, leaving bands only at 698 bp and 477 bp. An incomplete removal of the gene replacement vector, pKKYL02, from the cell should yield bands at 477 bp and 2.5 kbp (Fig. 1) .
As shown in Fig. 2 , strains KK104-10 (selected at 15 mM D-glutamate), KK104-11 and KK104-12 (both selected at 30 mM D-glutamate), KK104-13 (selected at 60 mM D-glutamate), and KK104-16 (selected at 125 mM D-glutamate) all had undergone the double crossover event; therefore, they were genuine murI deletion mutants. Strain KK104-19 (selected at 125 mM D-glutamate) showed the typical wild-type band of 5.8 kbp and a typical vector band of 2.5 kbp, indicating incomplete gene disruption. When retested after the original selection, strain KK104-19 did not require any exogenous D-glutamate for growth on minimal medium. In addition, all six clones originally selected on 1 and 5 mM D-glutamate had maintained the two characteristic genomic DNA and vector DNA bands upon Southern hybridization (data not shown).
Phenotype of the ⌬murI mutant strains on solid minimal medium. The phenotype of a representative selection of ⌬murI mutants was characterized on solid Sauton's medium (Fig. 3) . It was found that the ⌬murI mutants KK104-10, KK104-11, KK104-12, KK104-13, and KK104-16 did not grow on Sauton's medium Growth of ⌬murI mutant strains in other growth media. As described above, ⌬murI mutant strains require D-glutamate supplementation for growth on Sauton's (agar) solid medium. These ⌬murI deletion mutants also are unable to grow in low-salt LB broth without D-glutamate supplementation. However, supplementation of low-salt LB broth with either KCl, sucrose, or additional NaCl was found, at some concentrations, to complement the ⌬murI phenotype. Using sucrose supplementation, minimal growth could be detected at 1 to 2% (wt/vol) sucrose supplementation, but 10% sucrose was required for wild-type-like growth. With NaCl supplementation, growth of the ⌬murI mutant occurred at concentrations greater than 200 mM, but wild-type growth was never observed. Notably, LB solid medium containing 5% NaCl (855 mM) was able to support the growth of the ⌬murI mutant.
These phenotypes have been observed in cell wall deletion mutants of other microorganisms and often are ascribed to osmotic stabilization effects (27, 28 , and M. Benedik, personal communication). Strikingly, the ⌬murI mutant does not require D-glutamate supplementation to grow in liquid Sauton's medium, although the growth rate is slower than that of the wild type. The difference in osmotic conditions between solid Sauton's medium and liquid medium is thought to contribute to these observations, with the salt and 0.2% glycerol present in liquid Sauton's medium allowing the ⌬murI strain to grow in the absence of D-glutamate supplementation.
In order to demonstrate that the phenotype of the ⌬murI strain was due to the lack of D-glutamate racemase (MurI), a copy of murI was provided in trans via the integrative shuttle vector pUHA267, forming strain KK-09 MurI ϩ . This complementation allowed KKYL09 to grow normally in low-salt LB broth (Fig. 4) , suggesting that the ⌬murI strain phenotype in low-salt LB is due to insufficient D-glutamate.
⌬murI mutant cells display a morphology different from the wild-type cells. At the end of a growth curve in low-salt LB broth, a representative sample of stationary-phase cells of the ⌬murI mutant strain was examined using electron microscopy and compared to the wild type. It was found that the ⌬murI cells grown without D-glutamate supplementation grew to 2 to 3 times the size of wild-type cells (Fig. 5) and often displayed pear-shaped swellings at their polar ends, while in the presence of D-glutamate the phenotype was unchanged from that of the wild type (Fig. 5) . A 
FIG 4
Growth curves of the wild-type strain (}) and the KK104-10 ⌬murI strain (), KK104-13 (⌬murI) strain (), and K-09 (murI complemented in trans) strain (OE). The growth curve was performed in low-salt LB liquid broth without D-glutamate supplementation (A) and with 60 mM D-glutamate supplementation (B), and growth was recorded over 96 h. similar phenotype also was reported for M. smegmatis ⌬alr mutants, which grew to triple the length of wild-type strains (18) .
Summary and conclusions. In this study, we demonstrate that the murI gene encoding glutamate racemase in M. smegmatis is essential for growth in Sauton's minimal liquid medium. This essentiality is overcome by adding Ͼ15 mM D-glutamate to this liquid growth medium. In other media containing osmoprotectants (salt, sugars, etc.), murI is nonessential, a result that is consistent with other studies on cell wall deletion mutants (27, 28) . In fact, microorganisms that are completely lacking a cell well, such as L-forms of eubacteria, can be grown under iso-osmolar conditions (29) . Our results also may help explain a recent report that murI is nonessential in M. tuberculosis (15) . In this study, the deletion strain was studied only under one condition, 7H9 medium containing 2% glucose. It is tempting to propose that glucose was able to serve as an osmoprotectant, as we found in our studies on M. smegmatis. Certainly, our results show that murI deletion mutants do not grow in minimal medium. The relevance of these findings to human disease is difficult to ascertain, because it is unknown if conditions in the macrophage or a pulmonary granuloma would allow an organism with this cell wall defect to persist and to multiply. Studies with murI deletion mutants of M. tuberculosis are needed to investigate this possibility.
